Cultures of Corynebacterium insidiosum produce an extracellular phytotoxic glycopeptide that possesses the ability to wilt plant cuttings. Wilt induced by this glycopeptide is directly dependent upon time and upon concentration with measureable wilt occurring in 40 nM solutions in 1 hour. The organism produces 1.3 grams toxin/liter of culture medium. The (29) reported that C. insidiosuin and C. sepedoniciumn produced viscous polysaccharide solutions in culture media. The partially purified polysaccharide isolated from C. insidiosumitz cultures induced wilt in alfalfa cuttings. They detected L-fucose, galactose, and glucose residues in the acid hydrolyzed polysaccharides and offered presumptive evidence that these polysaccharides were present in infected alfalfa and potato plants by demonstration of the rare sugar L-fucose in them. Other plant pathogenic Corynebacteria also produce toxic polysaccharide substances. C. inichiganense produces a toxin which is extracellular and contains sugar constituents and six amino acids (24, 25). C. sepedonicuin (32, 33) also produces an extracellular glycopeptide in Culture as well as in infected plants.
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plants are killed so rapidlv that fields are unprofitable after 3 or 4 years.
Hodgson et al. (16, 17) and others (9) reported phytotoxic, nonspecific, high molecular weight polysaccharides from bacterial pathogens which cause wilting in plants. Recent studies on Corynebacterium spp. indicate that they also produce phytotoxic polysaccharides in culture media and in the plant. Spencer and Gorin (29) reported that C. insidiosuin and C. sepedoniciumn produced viscous polysaccharide solutions in culture media. The partially purified polysaccharide isolated from C. insidiosumitz cultures induced wilt in alfalfa cuttings. They detected L-fucose, galactose, and glucose residues in the acid hydrolyzed polysaccharides and offered presumptive evidence that these polysaccharides were present in infected alfalfa and potato plants by demonstration of the rare sugar L-fucose in them. Other plant pathogenic Corynebacteria also produce toxic polysaccharide substances. C. inichiganense produces a toxin which is extracellular and contains sugar constituents and six amino acids (24, 25) . C. sepedonicuin (32, 33) also produces an extracellular glycopeptide in Culture as well as in infected plants.
Little attempt has been made to characterize the toxin produced by C. insidiosluin, therefore, the purpose of this investigation was to purify the toxic substance produced by C. insidiosuim, to measure its physical properties, and to clarify which chemical residues constitute the purified substance.
times with ammonium sulfate according to the procedure of Falconer and Taylor (8) . Ammonium sulfate (30-40% saturation) precipitated the toxin which was removed by centrifugation at 10,000g for 5 min and redissolved in 100 ml of distilled water. The toxin was dialyzed against distilled water for 4 days at 4 C with many changes of distilled water. The solution of purified toxin was stored at -15 C until used.
Biological Assay. The assay procedure used was similar to that employed by Johnson and Strobel (18) . Tomato seedlings (Lycopersicon esculentumn Mill.) v. Earliana grown in vermiculite under continuous illumination for 10 to 14 days were severed at the crown region and placed in small test tubes containing 0.1 ml of the toxin buffered with 50 mm phosphate to a final pH of 7.0. The test tubes were mounted in a Plexiglas holder surrounded by a transparent Plexiglas box. The top of the box served as a reservoir for water to prevent heating by an artificial light source (100-w bulb and a circular fluorescent bulb) placed above it. After given time intervals the cotyledons were removed with a sharp razor blade, and the extent of wilt in each stem was determined using the wilt-o-meter. This instrument applies a steadily increasing force against a stem until it is no longer able to maintain an erect position. The degree of wilting in any given treatment was the average of three readings obtained from each of five stems. Specific biological activity is described as the amount of stem strength remaining after a 1-hr treatment in 1.0 mg/ml solution.
Radioactive Methods. C. insidiosuini was grown on the standard liquid medium containing 25 ,uc of D-galactose-l -4C (3.0 mc/mmole). The radioactivity in the toxin was determined in a liquid scintillation spectrometer (Nuclear Chicago Model 6804). The toxin solution (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) [,l) was placed in a vial along with 1.5 ml of absolute methanol and 13.5 ml of scintillation solution containing 4.0 g of PPO and 100 mg of POPOP per liter of toluene. The channels ratio method was used to correct for quenching. Autoradiography was performed using Kodak No-screen x-ray film, and electrophoretograms were scanned with a Packard Radiochromatogram Scanner (Model 385). Scanning was performed at 0.5 cm/min with a collimator width of 5.0 mm, a time constant of 10, a linear range of 300, and a gas flow rate of 350 cc/min. Molecular Exclusion Chromatography. "4C-Toxin (5 mg/ml) with a specific radioactivity of 3500 dpm/mg was dried, dissolved in 1 ml of 50 mm tris buffer at pH 7.0 in 40% sucrose, and fractionated with the buffer through columns of Sepharose 2B (1.5 X 45.0 cm). Fractions (1.5 ml) were collected with the aid of a drop counter, and radioactivity was determined in each fraction. This method was also used in attempts to dissociate labeled toxin into subunits with 30% pyridine (26) (7) . After electrophoresis for 30 min, the gels were examined for their reactivity with aniline blue-black for proteins, and Schiff's base reagent for carbohydrates (23) . They were also examined visually for the chromophore and by autoradiography after drying the gel according to the procedure of Herrick and Lawrence (15) . Gels (27) . The intrinsic viscosity was the intercept of the graph of specific viscosity/concentration as a function of concentration. Molecular exclusion chromatography on a column of Sepharose 2B was used to estimate molecular size. A second molecular weight estimate was determined with the Brice Phoenix Universal Scattering Photometer (Series 2000) using light with a wavelength of 4358 A on a series of six solutions ranging from 0.035% to 0.090%. Calculations were based on those of Anacker (2) . Double extrapolations to zero angle and zero concentration from the resulting Zimm plot yielded the molecular weight.
Elemental Analysis. Five milliliters of 0.1 % solution of toxin were treated with 10 mm EDTA at 50 C for 15 min. The resultant apotoxin was then dialyzed against distilled water for 48 hr after which the ultraviolet and visible spectrum (240-750 nm) were measured on a Cary split-beam spectrophotometer using a 3-ml cuvette with a 1-cm light path.
A 0.1 % solution of the toxin was assayed to determine the presence of metal ions which were measured on a Jarrell-Ash atomic absorption spectrophotometer by removing the ion with EDTA and then separating the EDTA-metal-ion complex from the apotoxin by dialysis.
Carbon, hydrogen, and oxygen were determined by Schwarzkopf Microanalytical Laboratory, Woodside, New York; nitrogen was determined by the microKjeldahl technique. From the percentages of these the empirical formula was calculated.
Acid Hydrolysis and Analysis. Twenty milliliters of 0.5 N sulfuric acid were added to a 50-ml flask containing 50 mg of toxin. The toxin was refluxed for 8 to 12 hr. The mixture was cooled, diluted with 100 ml of distilled water, and neutralized with excess barium carbonate. The precipitate was removed by centrifugation, and the supernatant liquid was passed through a column of Dowex 50 (H+ form), 0.5 x 2.0 cm, 200 to 400 mesh, followed by a 10-ml rinse of water and passage through a column of Dowex 1 (OH-form), 0.5 X 2.0 cm, 200 to 400 mesh. The Dowex 1 column was rinsed with 10 ml of water, and the effluent was dried in a vacuum desiccator over P20.. This was considered the neutral fraction. Separation and identification of sugar residues in this fraction was done according to the method of Albersheim et al. (1) . The sugars were reduced to their alditols with sodium borohydride in 1 N ammonium hydroxide. The reaction was stopped by the addition of a slight excess of glacial acetic acid, and borate was removed by five methanol evaporations. Acetic anhydride (1 ml) was added, and the tubes containing the sugar alcohols were sealed and heated for 3 hr at 121 C. The resultant alditol acetates were identified, and their amounts were estimated by gas-liquid chromatography. The best separation was attained using Gas Chrome P (100 to 120 mesh) coated with 0.2% poly(ethyleneglycol succinate), 0.2% of poly(ethyleneglycol adipate), and 0.4% of silicone XF 1150. The F and M gas chromatograph electrometer was set at range 100 and attenuation 4. A 0.4-X 180-cm column was run isothermally at 120 C for 10 min after injection and then raised 1 C per min to 190 C. The detector temperature was 250 C, and the carrier gas flow rate was 30 to 50 cc per minute. The amount of each sugar was determined by a comparison with standard curves established with authentic sugars.
The organic acid fraction was obtained by eluting the Dowex 1 column with 10 ml of 6 N formic acid. The eluant was dried and stored in an evacuated desiccator over P205 and NaOH pellets. Paper chromatographic analyses of organic acid and sugar residues were done in a one-dimensional descending manner on Whatman No. 1 filter paper in the follow- The tube was heated for 20 hr at 110 C. Upon cooling, the contents of the tube were dried by flash evaporation at 50 C and stored under vacuum desiccation over NaOH pellets. This preparation was taken up in 5 ml of distilled water and passed through Dowex 50 (H+ form), 0.5 X 1.0 cm, 200 to 400 mesh. A 5-ml distilled water rinse followed, and the amino acids were then eluted with 6 N hydrochloric acid and dried as above.
Identification and quantification of amino acid residues was done on a Beckman automatic amino acid analyzer or by gasliquid chromatography of the N-trifluoroacetyl n-butyl esters according to the procedures of Gehrke et al. (10) .
Peptide. The /3-elimination procedure described by Anderson et al. (3) and Tanaka and Pigman (34) to remove peptides from the glycopeptide was used. Toxin (40 mg) was placed in 20 ml of 0.5 N sodium hydroxide and incubated for 216 hr at graphed in solvent A for 10 hr in the other dimension. The peptide was detected with a modified o-tolidine procedure (6 Purity of Toxin Preparations. Figure 3 demonstrates that when a solution of the purified '4C-toxin with a specific radioactivity of 3500 dpm/mg was fractionated by the addition of 5% of saturation increments of (NH4)2SO, all of the radioactivity precipitated at the 30 to 40% fraction of saturation.
Likewise, all biological activity precipitated in this fraction. 1st (NH4)2SO4 ppt.
127
2nd (NH4)2SO4 ppt.
75
1 For each step in the purification procedure, the total dry weight and the specific biological activity were determined. The data are based on 1 liter of crude culture supernatant liquid as the starting material.
2 Specific biological activity is described as the amount of stem strength remaining after a 1-hr treatment in 1.0 mg/ml solution. Stem strength (degree of wilt) is determined with a wilt-o-meter and its units of measure are in mg pressure exerted b) the plant stem as it bends beneath the measuring arm of the instrument (18) . For instance, a nontreated tomato hypocotyl will give a reading of approximately 450 mg, wlhereas a wilted stem will give a reading of 75 to 100. The relationship between toxin concentration and degree of wilt of plant cuttings is given in Figure 2 . The purified '4C-labeled toxin was fractionated with 5% of saturation increments of ammonium sulfate. After each addition, any resultant precipitate was removed by centrifugation, checked for biological activity, and radioactivity in the supernatant liquid was measured. Radioactivity in dpm/ml was plotted against percentage of saturation with ammonium sulfate.
-0 E ** I. Molecular exclusion column chromatography is frequently used as a criterion of homogeneity and in the estimation of molecular sizes of compounds. A solution (2 mg/ml) of the labeled toxin (7,000 dpm) in 40% sucrose was layered on a Sepharose 2B column (1.5 X 45 cm) which fractionates molecules ranging in size from 2 X 106 to 20 X 106. The toxin was eluted with 50 mm tris buffer at pH 7.0, and 1.5-ml fractions were collected. The presence of two peaks in Figure 4 illustrates the polydispersity of the toxin preparation. Nevertheless. the specific biological activities of both peaks were identical in that they both gave specific biological activity values of 100 when tested in the wilt-o-meter. Furthermore, a determination of total carbon in each tube by techniques previously described (33) yielded a graph that possessed the same pattern as shown in Figure 4 . Disc gel electrophoresis demonstrated that labeled toxin migrated only into the top of the 5% polyacrylamide gel when located by autoradiography after drying the gel. Similarly, the chromophore, the peptide portion, and the carbohydrate moieties remained at the top of the gel. Electrophoresis for longer periods of time with lower gel concentrations also failed to cause migration.
High voltage paper electrophoresis of the toxin showed that at pH 7.0, 0.2 M phosphate buffer, neither the chromophore. carbohydrate, protein, radioactivity, nor biological activity migrated from the origin. Observations of similar experiments conducted at pH 2 and pH 10 revealed no migration of the toxin. The lack of mobility of the toxin during paper electrophoresis is in agreement with gel electrophoresis. Sepharose 2B chromatography indicated a very large compound which may explain the inability of the toxin to migrate through the acrylamide gels. The toxin was not retained on Dowex 50 or Dowex 1, indicating that the compound has no net charge. No other protein, carbohydrate, or radioactive compounds were observed during electrophoresis. indicating only the toxin was present.
Molecular Weight Determinations. One of the properties of Sepharose gels other than to demonstrate the purity of a preparation is their capacity for separating substances according to molecular size. The peak at fraction 28 (Fig. 4) has a K,, value of approximately 0.284. This suggests that the toxin has an average molecular size of 5 X 1O0 (28) .
A second method used for determining the size of this compound was light scattering. The amount of light scattered by a compound is dependent upon its size. The Zimm plot from light scattering studies is illustrated in Figure 5 . Extrapolation to zero concentration (line a) and analysis by the method of least squares to determine the y intercept indicated the toxin had a molecular weight of 5.69 X 10'. The extrapolation to zero angle (line b) and least square analysis to determine the y axis intercept indicated a molecular weight of Hydrolysis of the toxin with sulfuric acid followed by formation of the alditol acetates of the sugar residues and gas liquid chromatography indicated that mannose, glucose, galac- Acid hydrolysis of the isolated glycopeptide and analysis on the amino acid analyzer indicated its composition to be lysine,, arginine1, aspartic acid1, threonine1, serinel, glutamic acid1, glycine2, alanine2, valine2, leucine,, and isoleucine, (Table III) .
The peptide fraction was removed and separated from the glycopeptide by treatment of the glycopeptide with 0.5 N SOdium hydroxide and passage of the preparation through Dowex 1 (formate form), 0.5 X 1 cm, 200 to 400 mesh. The peptide was eluted with 6 N formic acid. After drying, salt was removed by washing the dried peptide residue with 10 ml of acetone containing 1 % of concentrated aqueous hydrochloric acid. Undissolved material was removed by centrifugation, and the pellet was washed three times with acetone-HCI, centrifuged, and discarded. The combined supernatant liquids were dried (32) and weighed on a Mettler balance. The peptide rep- 1 Refers to the ratio of sugar residues in the total glycopeptide. 2 Rhamnose and the unidentified reducing compound accounted for less than 1% of the total sugars.
3 Refers to the number of residues of each amino acid in the peptide. 
. Two-dimensional electrophoresis-chromatography of the peptide moiety of the toxin. The peptide was subjected to electrophoresis in formic-acetic acid buffer, pH 1.85, at 12.5 v/cm for 3 hr at 10 mamp. After drying, the electrophoretogram was chromatographed in the other dimension in 1-butanol-acetic acid-water (4:1:5) for 10 hr. The electrophoretogram was developed with o-tolidine. The peptide moved 6.9 cm towards the negative pole and had an RF of 0.238. resented 2.6% of the toxin on a dry weight basis. Kjeldahl nitrogen analysis indicated 0.32% of the toxin was nitrogen. Since the peptide is 16.6% nitrogen by amino acid analysis and the peptide was 2.6% of the toxin, there was 0.43% nitrogen in the toxin due to the peptide. Therefore, all nitrogen in the toxin was present in the amino acid constituents.
A peptide comprising approximately 2.6% of the toxin and composed of the amino acids shown in Table III would have a molecular weight of 1683. Considering the molecular weight of the toxin (5 X 106) there would be approximately 77 moles of peptide/mole of toxin. Two dimensional electrophoresischromatography indicated a single peptide was present in the toxin (Fig. 7) . Electrophoresis of the peptide caused it to migrate 6.9 cm toward the negative pole. Descending paper chromatography in the opposite dimension in solvent A for 10 hr indicated the peptide had an RF = 0.238. The isolation and demonstration of a single peptide indicates that the amino acids of the toxin are linked together by peptide bonds. Fur-ther evidence that the amino acids are covalently bonded together is that dansylation followed by hydrolysis yielded a sole NH2-terminal amino acid, glycine.
Acid hydrolysis of the peptide and analysis of the N-trifluoroacetyl n-butyl ester derivatives by gas-liquid chromatography (10) indicated the apparent peptide-carbohydrate linkage is a glycosidic one through the -OH of threonine as manifested by a 81.7% decrease in threonine with the concomitant appearance of a-amino butyric acid in the /3-eliminated and reduced peptide. The molar amounts of the amino acids remaining after ,/-elimination, reduction, and analysis other than threonine were the same as in the non-/3-eliminated toxin. These data are also consistent with the concept that all of the amino acids are covalently linked in one peptide.
Biological Activity and Toxin Stability. The glycopeptide induced wilt in excised plant cuttings of both alfalfa and tomato cultivars. Wilting in plants was dependent on concentration of the toxin and on the length of time the cuttings were in contact with toxin solutions. The toxin was also stable to great fluctuations in temperature and pH. Heating toxin solutions (0.25%) to 121 C for 10 min and allowing them to cool did not affect biological activity in any way. Toxin which had been autoclaved for 2 hr at 121 C demonstrated a lower specific biological activity, but still produced measurable wilt symptoms. The toxin was also stable to fluctuations in pH. Toxin solutions (0.25%) in phosphate buffers at pH 2, 7, and 12 for 24 hr and then adjusted to pH 7.0 still possessed unaltered ability to wilt tomato seedlings. Partial acid hydrolysis of the polysaccharide resulted in a drastic reduction of biological activity with all of the biological activity being lost after 5 min refluxing in 0.5 N sulfuric acid.
DISCUSSION
After purification, a glycopeptide plant toxin (1.3 g) was isolated from a 1-liter culture of C. insidiosuin. This yield was in sharp contrast to the 15 mg toxin/liter attained from C.
sepedoniciuni (33) and the 18 mg toxin/liter from C. iniichiganense (25) and in the same range as that reported by Spencer and Gorin (2 g toxin/liter) (29) . The purification attained indicated that most of the material in the culture fluid (18%) produced by the organism was the toxin. The purpose for this massive production of toxin by the organism is not understood. although it may serve as either an energy source and/or a carbon source in later growth, or it may function in aiding pathogenesis of the organism in the plant.
The first (NH,)2SO0 fractionation indicated that contaminating radioactive substances were present after ion-exchange chromatography. The toxin precipitated in the 30 to 40% fractions as did most of the radioactivity. However, about 50% of the label remained in the supernatant liquid after precipitation of the toxin. Based on this information, the toxin isolated by An organic acid from the toxin preparation of C. insidiosum described by Gorin and Spencer (13) was 4,6-O-(1'-carboxyethylidene)-D-galactose. Conditions of acid hydrolysis on the purified toxin employed in the present study should have hydrolyzed this compound to pyruvic acid and galactose, but pyruvic acid could not be identified as a constituent acid of the purified toxin. This is based on the fact that infrared spectral analysis of pyruvic acid and the unknown organic acid were not similar, since pyruvic acid has strong absorption bands at 6.1 and 7.35 u, while the unknown organic acid did not. Similarly, the unknown organic acid possessed -CH and -OH stretch bands which pyruvate lacked. Reactions of these organic acids with p-anisidine (31) were different, since pyruvate gave a bright yellow spot and the unknown organic acid gave a dull brown product. Strobel (32) described 2-keto-3-deoxygluconic acid from the toxic glycopeptide of C. sepedonicum and Ghalambor et al. (11) described 3-deoxy-D-manno-oculosonic acid from cell wall lipopolysaccharides of Escherichia coli. The unknown organic acid appeared similar to 2-keto-3-deoxygluconic acid and 3-deoxy-D-manno-octulosonic acid because it produced an alkali-labile chromophore by the thiobarbituric acid method and because of its characteristic infrared absorption spectrum, but it did not cochromatograph with 2-keto-3-deoxygluronic acid or any of the other organic acids (Table  IV) . Comparison of the RF values listed for 3-deoxy-D-mannooctulosonic acid (32) and those obtained for the unknown organic acid indicated that they were not the same compound. The presence of an organic acid (8.8%) represented another chemical similarity with the toxins produced by other Corynebacteria and it appears to be a keto-deoxy acid.
The presence of amino acids confirms the observations of Strobel (32) and Rai and Strobel (24) with the glycopeptides of C. sepedonicum and C. michiganense. Gorin and Spencer (12) failed to report that amino acids were present in their preparations but indicated 0.3% of their preparation was nitrogen, virtually the same percentage obtained in this work (0.32%). The isolation and demonstration of a single peptide from the glycopeptide comprising 2.6% of the total toxin is shown in Figure 7 . A peptide composed of the amino acids listed in has been offered by Strobel (32) . He has isolated the toxin produced by C. sepedonicum from both cultures of the organism and from diseased plant parts.
